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Abstract
The objective of this thesis was to determine the feasibility of using an opposed-piston, opposed-stroke,
diesel engine in utility aircraft. Utility aircraft are aircraft that have a maximal takeoff weight of 12,500lbs.
These aircraft are often used for transportation of cargo and other goods. In order to handle that weight,
many of the aircraft are powered by turboprop engines. Turboprop engines are a style of jet engine with
power capabilities ranging from 500 to several thousand horsepower (hp). They are expensive engines, and
in the case of the Piper Mirage, substituting the piston engine with a turboprop engine can increase the cost
of the aircraft by $1million. In order to reduce the price tag, a piston-powered, propeller engine is desired.
Currently, however, most modern piston driven aircraft engines max out around 400hp. The Piper Mirage
referenced has a power output of 350hp. Because of this, it was necessary to see if an opposed-piston,
opposed-stroke, diesel engine would be able to increase the power output in order to compete with the
turboprop engine. The Foundation for Applied Aviation Technology determined that the minimum power
output of an opposed-piston, opposed-stroke diesel engine should be 800hp at takeoff at an engine speed of
3600 revolutions per minute (rpm). Opposed-piston, opposed-stroke diesel engines have been used
previously in aircraft and perhaps most famously in the Junkers Jumo 205 and 207 engines built in the
1940s. Both of these were opposed-piston, opposed-stroke, diesel engines that generated between 700 and
1000hp at takeoff. However, the Junkers engines were large engines used in large multi-engine aircraft.
This thesis determines that the required size for an engine of this output can be reduced by 25% compared
to the Junkers engine with a potential weight savings of up to 500lb, a better specific fuel consumption, and
a greater power output of over 1200hp.
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1.0 Background
In September 2015, the Foundation for Applied Aviation Technology (FAAT)
approached the University of Dayton DIMLab (Design of Innovative Machines
Laboratory) with the project of leading the research and development of an opposed
piston engine for use in utility aircraft. A utility aircraft is defined by the Federal
Aviation Administration (FAA) to be an aircraft that has a maximum takeoff weight of
12,500lbs, must not have more than nine passenger seats and is intended for limited
acrobatic operation [1]. This project is motivated by the power gap that exists between
turboprop and piston engines. While turboprop engines are the more powerful and
lightweight engines, they are extremely expensive. In the case of the Piper Mirage
aircraft, the cost of the aircraft with a turboprop engine is a million dollars more than the
version of the aircraft with a piston engine [2]. While most piston aircraft typically
generate 400hp, it is not uncommon for turboprops to generate 1000hp or more [3].
Because of the significant price difference, the Foundation for Applied Aviation
Technology seeks to develop a piston engine that would bridge the power gap between
turboprops and piston engines while remaining in the piston engine price bracket.
Through the Foundation’s research, a market that could benefit significantly from a
development in piston engines, is the logging industry in the upper northwest. The
Foundation determined that in order for an engine to be of benefit to the industry, it
would need to generate at least 800hp. This is a significant increase in power compared
to the power normally generated by a piston engine.
In order to accommodate for this significant difference, the opposed piston design
was selected in order to meet this power need, see Figure 1. The opposed piston design
has been around since 1887, and offers the distinct advantage of being compact,
balanced, lightweight, and fuel efficient [4]. Primarily, opposed piston engines also rely
on the two-stroke cycle which adds additional benefits to the design which will be the
type of engine focused on in this thesis.
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Figure 1 - Diagram of a Four-stroke, Opposed-piston Engine (Adapted from [11])

1.1 Benefits of the Opposed Piston Two-Stroke Design
The opposed-piston, two-stroke engine has a number of inherent benefits. The
first is an increase in power density. This is due to the principal characteristic of the twostroke engine having a power stroke for every revolution of the crankshaft. Four-stroke
engines have a power stroke every two revolutions of the crankshaft. This means that the
two-stroke engine is fundamentally more powerful than its four-stroke counterpart [4-6].
Along with being more powerful, because the engine has a combustion event for every
rotation of the crankshaft, the cylinder contents are allowed to be leaner than in a fourstroke cycle. This results in lower temperatures throughout the combustion process and
therefore a better combustion efficiency. This leads to a 2% increase in fuel efficiency.
[7] Additionally, two-stroke engines are diesel engines, which have high compression
ratios resulting in greater specific torque [4]. The higher compression ratio also lends
itself to greater efficiencies as the compression ratio also allows leaner operating
conditions and lower in-cylinder temperatures Because the cylinder stroke is divided
between two pistons, it allows the engine to run at higher speeds without exceeding the
limitations of piston speed [5, 8]. This also results in a lowering of the load on the
crankshaft due to the forces being shared by two pistons [5]. The two-stroke engine is
also inherently lighter than its four-stroke counterpart because the two-stroke cycle uses a
loop scavenging system in order to eliminate burned gases from the cylinder after the
combustion event. This means that the engine does not need a valve-train with cams.
Along with the lack of piston heads, there is a significant reduction in weight. With the
reduction in weight, the geometry of the opposed piston engine allows for near perfect
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balance [5,6]. Because of this, the two-stroke engine is less complex than the four-stroke
due to the nature of the compression ignition process. It does not need piston heads or
valve-trains which significantly reduce the number of parts required, the weight of the
engine, and the total cost. The total cost reduction is approximately 12%, the total part
count is 34% less, and the total weight is 32% less [6]. Lastly, a potential significant
benefit especially for the aircraft industry is the ability to use multiple fuels in the engine.
A stark example of this was when a Junkers engine flew over 1000 miles on kerosene
with no adverse effects [4]. This results in the ability of the engine to use Jet-A fuel
instead 100LL aviation gasoline which results in a significant cost benefit especially
outside of the United States. A modern example of one of these engines is the
Continental CD-135 engine which runs on diesel and Jet-A fuels [9,10].

1.2 Challenges of the Opposed Piston Engine
Although the opposed-piston, two-stroke engine has a number of benefits, it does
have its challenges. This first issue is lubrication of the small end-bushes and piston-pin
bosses due to the lack of load reversal. There have been solutions to this problem in the
past, but none fully alleviated the problem. The solutions typically include special
features that distribute the oil to the areas subject to unidirectional loading. Additionally,
because of the contiguous firing of the engine, there is a higher thermal load on the
engine which in turn can accelerate the wear on the piston rings in an engine. One
concept that has been used to alleviate some of this thermal load is “gapless fire-rings”
which reduce the friction that is felt on the second and third compression rings. Twostroke engines have a reputation for needing increased maintenance. In order to avoid
this problem, special care needs to be taken in order to ensure that the engines are not
undersized for their applications as this will only increase the likelihood of the engine
requiring maintenance [4]. The side injection of opposed piston engines also poses the
challenge of fuel and air mixing asymmetrically. This also poses the challenge of fuel
wetting the cylinder which can also cause lubrication issues and poor combustion. This
can be addressed through fuel injection design and ensuring that the proper swirl of fresh
charge is obtained [11]. Emissions of the two-stroke engine have also been a serious
problem. It is primarily due to the increase in emissions regulations that opposed piston
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engines lost their foothold in the market. However, advancements in materials and
catalysts have resulted in significant reductions in emissions. It is because of these
reductions and the inherent leaner diesel combustion that a renaissance of opposed piston
engines has occurred, and a number of recent opposed piston projects have been
undertaken [6]. Lastly, and potentially the most serious issue is the problem of oil
consumption. This is due to oil being lost through the liner and ports. It is possible to
reduce this loss and some marine engines like the Fairbanks Morse engine have oil
consumption values close to that of a four-stroke engine [4].

1.3 Examples and Historical Comparison
Because of the noted benefits and proposed solutions to the challenges, the twostroke engine has been around since the 19th century. Before and during World War II,
the Junkers Jumo family of engines was a series of opposed piston diesel engines used in
civil and military aviation. It was a vertical opposed piston design. Historically, this was
the most broadly used diesel engine in the aviation industry, set a number of records for
the industry, and was one of the most efficient piston engine in aviation, see Figure 2 [4].
While opposed piston engines have not been used as much recently, there are projects
being undertaken currently. Perhaps, most notably, EcoMotors is planning on releasing
an opposed piston, opposed cylinder engine in the near future primarily for use in
automobiles.
The Foundation for Applied Aviation Technology set the requirements for the
engine to be 800hp at takeoff with a maximum takeoff rpm of 3600. The Jumo Junker
family of engines will be used as a model due to similar characteristics and its historical
success with dealing with similar requirements. The Junkers Jumo is a family of engines
that much of this project will draw information off of due to the power that this family
generated. The Junker 207B engine had a takeoff power of 1000 horsepower [4] at
3000rpm while the majority of the other versions had power ratings between 600 and
1000 horsepower at 2600-3000rpm. For the purpose of this thesis, the Junkers 207B will
be used as a comparison. It had six cylinders with a weight of 1907lb. It had a brake
specific fuel consumption at its most efficient load of 227g/kWh. It had an in-cylinder
pressure of 1.88bar and a mean piston speed of 15.11m/s [4]. Because of the success that
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the Junkers engine had before and during World War II, it is believed that a two-stroke
opposed piston diesel engine can be developed in order to meet or exceed the design
requirements laid out by the Foundation.

Figure 2 - Ghost View of a Junkers 205 Engine (adapted from [OPE])

2.0 Simulation Model Used to Determine Feasibility of Engine
In order to determine if the two-stroke diesel engine would be a possibility the
engine needed to first be sized. This means that the geometrical aspects of the engine
needed to be determined. These aspects include: the number of cylinders, the volume
contained within each cylinder, and the stroke and bore lengths for each cylinder. In
order, to determine these characteristics the equation for mean effective pressure was
utilized: [12]
𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑃𝑃𝑛𝑛𝑟𝑟

𝑉𝑉𝑑𝑑 𝑁𝑁

(1)

Where P is the power, n r is the number of crankshaft revolutions per combustion event,
V d is the displaced volume, and N is the speed of the engine. Mean effective pressure is a
value that shows how well the displaced volume within the cylinder is being utilized.
This means that mean effective pressure does not depend on the size of the engine and it
can be used to compare engines of different volumes [12]. Additionally, this means that
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compression ignition engines will have specific ranges of mep in which they will fall.
Because the plan is to have a turbocharger for the final design, a mean effective pressure
value was chosen from standard turbocharged compression ignition mean effective
pressure values.
Knowing this volume, it can be determined how large the bore and stroke should
be within the engine. As a general rule, mean piston speeds should not exceed 15 m/s
[12]. This is due to friction losses and in order to reduce wear that will be incurred over
the course of the engines life. The equation for mean piston speed is:
𝑆𝑆𝑝𝑝̅ = 2𝐿𝐿𝐿𝐿

(2)

Where L is the stroke length. The reason why stroke length was focused on and not bore
is due to the nature of combustion efficiency. The greater the ratio of stroke to bore, the
better combustion efficiency will become. This results in a fuel conversion efficiency
and therefore a better overall fuel economy. This means that the aircraft will have a
lesser need for fuel which is extremely beneficial in aviation as it either leads to weight
savings or a greater range of travel.
With the geometrical values for the engine calculated, it needed to be determined
if the engine would perform the way the mean effective pressure equation predicted. In
order to determine this, the 0D model that was used in the by paper by R. E. Herold et
al’s assessment of the thermal benefits of opposed-piston, two-stroke diesel engines was
recreated [7]. This model was chosen due to its simplicity of design in order to validate
the previous equations. The purpose of the model is to determine the pressure value at
every crank angle degree (CAD) within an engine cycle. This model also assumes a
prewarmed engine and ideal gases within the cylinder. Unlike an ideal cycle, this model
takes into account three different aspects of heat and energy release during combustion.
These aspects include the combustion energy release,
surfaces within the cylinder,

𝑑𝑑𝑄𝑄𝐻𝐻𝐻𝐻
𝑑𝑑𝑑𝑑

𝑑𝑑𝑄𝑄𝑐𝑐
𝑑𝑑𝑑𝑑

, and the heat release due to the

. Additionally, the cycle, takes into consideration the

change in fluid composition within the cylinder. This is done by recompleting the
equilibrium balance for each crank angle. However, this model does not include friction.
Because the literature compared three different engine geometries with identical
dimensions, friction was ignored as it should be the same for each geometry [7].
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The basis for the 0D model is a closed system energy balance where combustion
is assumed to be ideal gas based with an energy addition. The resulting equation is:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

� = � 𝑑𝑑𝑑𝑑𝑐𝑐� −

𝑑𝑑𝑑𝑑 𝑖𝑖

𝑖𝑖

𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻
𝑑𝑑𝑑𝑑

𝛾𝛾

𝑑𝑑𝑑𝑑

𝑖𝑖
� − 𝛾𝛾 −1
𝑝𝑝𝑖𝑖 𝑑𝑑𝑑𝑑 � �

𝑖𝑖

𝑖𝑖

𝑖𝑖

𝛾𝛾𝑖𝑖 −1

(3)

𝑉𝑉𝑖𝑖

Where 𝑑𝑑𝑑𝑑 � is the change in pressure within the cylinder relative to the crank angle i.
𝑖𝑖

Gamma is the ratio of specific heats of the gases within the cylinder.

𝑑𝑑𝑑𝑑

� is the change in

𝑑𝑑𝑑𝑑 𝑖𝑖

volume per crank angle and V i is the volume at a specific crank angle degree [7].
𝑑𝑑𝑑𝑑𝑐𝑐

� is the energy addition due to combustion and it is defined by the equation:

𝑑𝑑𝑑𝑑 𝑖𝑖

𝑑𝑑𝑑𝑑𝑐𝑐

� =
𝑑𝑑𝑑𝑑
𝑖𝑖

𝑥𝑥𝑏𝑏,𝑖𝑖+1 −𝑥𝑥𝑏𝑏,𝑖𝑖−1
𝜃𝜃𝑖𝑖+1 −𝜃𝜃𝑖𝑖−1

(𝑚𝑚𝑓𝑓 𝐿𝐿𝐿𝐿𝐿𝐿𝑓𝑓 )

(4)

Where 𝑥𝑥𝑏𝑏,𝑖𝑖 is the mass burn fraction rate, m f is the mass of the injected fuel and LHV is

the lower heating value of the fuel [7]. The mass of the fuel injected is dependent on the
air fuel ratio, and the lower heating values for fuels are tabulated in most textbooks. The
lower heating value for diesel fuel is 42.5 MJ [12]. The mass burn fraction rate is an
equation that matches how much fuel is burned per crank angle degree between the start
of injection and the end of combustion. It is defined by the equation:
1
𝑚𝑚𝑐𝑐 +1

𝑥𝑥𝑏𝑏,𝑖𝑖 = 1 − exp �− ��2.302

1
𝑚𝑚𝑐𝑐 +1

− 0.105

𝜃𝜃𝑖𝑖 −𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆

� � ∆𝜃𝜃

10−90

��

𝑚𝑚𝑐𝑐 +1

�

(5)

Where m c is the Wiebe combustion exponent and is given a value of 0.7 [7]. ∆𝜃𝜃10−90 is

the value for the number of crank angle degrees that it will take for the fuel to burn. 𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆
is the crank angle degree at which combustion begins [7,12].
𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻
𝑑𝑑𝑑𝑑

� is the heat transfer due to the surfaces inside of the cylinder. It is defined
𝑖𝑖

by the equation:
𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻
𝑑𝑑𝑑𝑑

� = ℎ𝑐𝑐,𝑖𝑖 �𝐴𝐴𝐼𝐼𝐼𝐼,𝑖𝑖 �𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑚𝑚,𝐼𝐼𝐼𝐼 � + 𝐴𝐴𝐸𝐸𝐸𝐸,𝑖𝑖 �𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑚𝑚,𝐸𝐸𝐸𝐸 � + 𝐴𝐴𝑙𝑙,𝑖𝑖 (𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑚𝑚,𝑙𝑙 )�
𝑖𝑖

(6)

Where h ci is the convective heat transfer coefficient. A IP,i , A EP,i and A l,i are the surface
areas of the surfaces inside the cylinder, and T m,IP , T m,EP , and T m,l are the mean
temperatures of the surfaces of the cylinder. The surfaces inside the cylinder referenced
are the intake piston, the exhaust piston, and the liner. T i is the temperature of the gases
inside the cylinder that is calculated using the assumption of ideal gases. h ci is a term
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that depends on the speed of the gases within the cylinder and other factors and is defined
by the following equation:
𝑚𝑚ℎ𝑡𝑡

ℎ𝑐𝑐,𝑖𝑖 = 5𝐵𝐵 𝑚𝑚ℎ𝑡𝑡−1 𝑝𝑝𝑖𝑖

𝑚𝑚ℎ𝑡𝑡

𝑤𝑤𝑖𝑖

0.75−1.62𝑚𝑚ℎ𝑡𝑡

𝑇𝑇𝑖𝑖

(7)

Where B is the bore of the cylinder. p i is the pressure at the current crank angle. The m ht
exponent found in this equation is the Woschni exponent and is given a value of .8 [7,12].
The convective heat transfer coefficient is important because it is responsible for
determining how fast energy is transferred from the gases into the surrounding surfaces.
w i is speed of the gases within the cylinder and is defined by the Woschni correlation:
𝑉𝑉 𝑇𝑇

𝑤𝑤𝑖𝑖 = 𝐶𝐶1 𝑆𝑆𝑝𝑝̅ + 𝐶𝐶2 𝑝𝑝𝑑𝑑𝑉𝑉𝑜𝑜 �𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 �

(8)

𝑜𝑜 𝑟𝑟

Where C 1 and C 2 are constants and are equal to 2.28 and 0 for the compression phase of
the cycle and 2.28 and 3.24x10-3 for the expansion phase respectively [12]. V d is the
displaced volume within the cylinder. V r , To and Po are a reference volume,
temperature and pressure at some arbitrary point within the cycle like when the ports
close. p mot is the motoring pressure. 𝑆𝑆𝑝𝑝̅ is the mean piston speed as defined in Equation
2. The motoring pressure is calculated the same as the compression part of the cylinder
except with zero energy release [7].
𝑑𝑑𝑑𝑑

In order to determine the last part of the 𝑑𝑑𝑑𝑑� equation which accounts for the
𝑖𝑖

internal energy change, the gamma term needs to first be determined. Gamma is
determined by the equation:
𝛾𝛾𝑖𝑖 = 𝑐𝑐

𝑐𝑐𝑝𝑝,𝑖𝑖

(9)

𝑝𝑝,𝑖𝑖 −𝑅𝑅𝑖𝑖

Where c p,i is the specific heat of the gas mixture within the cylinder at the specific CAD
and R i is the specific gas constant for the gases within the cylinder at the CAD. c p is
defined by the equation:
𝑐𝑐𝑝𝑝,𝑖𝑖 = ∑𝑛𝑛𝑗𝑗=1 𝑦𝑦𝑗𝑗,𝑖𝑖 𝑐𝑐𝑝𝑝,𝑗𝑗,𝑖𝑖

(10)

Where y j,i is the mass fraction of a gas element within the cylinder and c p,j,i is the specific
heat of that element. c p,j,i is defined by the specific heat capacity curve:
𝑗𝑗−3

𝑐𝑐𝑝𝑝,𝑛𝑛,𝑖𝑖 = 𝑅𝑅𝑛𝑛 ∑7𝑗𝑗=1 𝑎𝑎𝑗𝑗,𝑛𝑛 𝑇𝑇𝑖𝑖

(11)

Where R n is the specific gas constant for the 4 constituents of the gases within the
cylinder. a j,n is the specific heat coefficient as published by NASA Glenn to fit this curve
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[7]. The constituents are O 2 , N 2 , CO 2 , and H 2 O. The chart of coefficients was provided
in the literature. This assumes complete combustion and that the composition is frozen
within the cylinder [7]. Temperature at each CAD is defined using the ideal gas
equation:
𝑝𝑝 𝑉𝑉

𝑇𝑇𝑖𝑖 = 𝑚𝑚𝑖𝑖 𝑅𝑅𝑖𝑖

𝑖𝑖 𝑖𝑖

(12)

Where m i is the mass of the gases within the cylinder at the CAD. At the start of fuel
injection, the mass will increase by the amount of fuel injected. The specific gas constant
for the cylinder gases, R i , is defined as:
𝑅𝑅�

𝑅𝑅𝑖𝑖 = 𝑀𝑀𝑀𝑀

𝑖𝑖

(13)

Where 𝑅𝑅� is the ideal gas consant and MW is the specific molecular weight of the gas

mixture inside of the cylinder. MW takes into consideration the mole fractions of the
various constituents within the cylinder at various crank angles and is defined as:
𝑀𝑀𝑀𝑀𝑖𝑖 = ∑𝑛𝑛𝑗𝑗=1 𝑥𝑥𝑗𝑗,𝑖𝑖 𝑀𝑀𝑀𝑀𝑗𝑗,𝑖𝑖

(14)

Where MW j,i is the molecular weight of the individual gases and x j,i is the mole fraction
of that particular gas. By summing these fractions, one is able to come to the total
molecular weight of the cylinder gases. The mole fraction of each element is defined by
the equation:
𝑥𝑥𝑛𝑛,𝑖𝑖 = 𝑥𝑥𝑛𝑛,𝑜𝑜 �1 − 𝑥𝑥𝑏𝑏,𝑖𝑖 � + 𝑥𝑥𝑛𝑛,𝑏𝑏 �𝑥𝑥𝑏𝑏,𝑖𝑖 �

(15)

Where x n,o is the mole fraction of the specific element before complete combustion. x b,o
is the mole fraction of the element after complete combustion. From this equation, the
mass fraction for each element can be determined by the equation:
𝑦𝑦𝑛𝑛,𝑖𝑖 = 𝑥𝑥𝑛𝑛,𝑖𝑖

𝑀𝑀𝑀𝑀𝑛𝑛,𝑖𝑖
𝑀𝑀𝑀𝑀𝑖𝑖

(16)

Where MW n,i is the molecular weight for the specific element [7].
In order to determine the volume at a particular CAD, the following equation
from Heywood was used:
𝑉𝑉(𝜃𝜃)
𝑉𝑉𝑐𝑐

1

= 1 + 2 (𝑟𝑟𝑐𝑐 − 1)[𝑅𝑅 + 1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − (𝑅𝑅 2 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2 )0.5 ]

(17)

Where V c is the clearance volume and R is the ratio of connecting rod to crankshaft
throw, and r c is the compression ratio [12]. The compression ratio is defined as:
𝑟𝑟𝑐𝑐 =

𝑉𝑉𝑑𝑑 +𝑉𝑉𝑐𝑐
𝑉𝑉𝑐𝑐

(18)
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Where V d is the volume that the piston displaces during a cycle. The derivative of
the volume is defined to be:
𝑑𝑑𝑑𝑑

𝑉𝑉

−𝑉𝑉

� = 𝜃𝜃𝑖𝑖+1 −𝜃𝜃𝑖𝑖−1

𝑑𝑑𝑑𝑑 𝑖𝑖

𝑖𝑖+1

(19)

𝑖𝑖−1

With this equation, all of the components for the change in pressure have been
defined [7]. In order to determine the pressure at the next CAD, the change in pressure is
added to the previous pressure value as defined in the following equation:
𝑑𝑑𝑑𝑑

𝑝𝑝𝑖𝑖+1 = 𝑝𝑝𝑖𝑖 + 𝑑𝑑𝑑𝑑 (𝜃𝜃𝑖𝑖+1 − 𝜃𝜃𝑖𝑖 )

(20)

Using the aforementioned equations, one can determined how the pressure changes
during a combustion cycle assuming that the gases are ideal and that combustion occurs
completely with the constituents being frozen [7].
In order to calculate the dimensions of the ports that allow air into and out of the
cylinder the volumetric flow rate equation:
𝑄𝑄 = 𝑣𝑣𝑣𝑣

(21)

was used where Q is the volumetric flow rate, v is the velocity of the air, and A is the
area of the port. The v was determined using Equation 8 for the velocity of in-cylinder
gases during the compression phase.
After calculating the port sizes, the turbocharger needed to be sized. Because
turbochargers are sized by the mass flow rate of air that flows through them, the mass
flow rate of air was determined using the air fuel ratio equation:
𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑚𝑚̇𝑎𝑎
𝑚𝑚̇̇ 𝑓𝑓

(22)

Where AFR is the air fuel ratio, 𝑚𝑚̇𝑎𝑎 is the mass flow rate of air, and 𝑚𝑚̇𝑓𝑓 is the

mass flow rate of fuel [12,13]. The air fuel ratio can be determined from the 0D model as
it is directly related to the lambda value. Lambda is the mass based ratio of the
stoichiometric air fuel ratio to the actual air fuel ratio. A lambda value of 1 practically
means that there is roughly one molecule of fuel for every molecule of air. The standard
value for the stoichiometric air fuel ratio of diesel is 14.45 [12]. Diesel engines are run
lean meaning that there is more air than fuel in the cylinder and a typical lambda value is
1.43. Lambda is defined with the following equation:
𝜆𝜆 =

𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎
𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠

(23)
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Where AFR a is the actual air fuel ratio and AFR s is the stoichiometric air fuel
ratio.
In. order to determine the total power output of the engine, the following equation
was used:
𝑃𝑃 = 𝑁𝑁𝑐𝑐

∑𝑛𝑛
𝑖𝑖 𝑝𝑝𝑖𝑖

𝑑𝑑𝑑𝑑
�
𝑑𝑑𝑑𝑑 𝑖𝑖

𝑡𝑡𝑠𝑠

(24)
𝑑𝑑𝑑𝑑

Where P is the power, p i is the pressure at a specific CAD and 𝑑𝑑𝑑𝑑 � is the change
𝑖𝑖

in volume at that same step. t s is the length of time for a single cycle to occur, and N c is
the number of cylinders within the engine.
Lastly, the specific fuel consumption could be calculated. This is an important
value to compare between aircraft engines and is determined using the following:
𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑚𝑚̇𝑓𝑓
𝑃𝑃

(25)

where 𝑚𝑚̇𝑓𝑓 is the fuel flow rate and P is the power output of the engine. The mass

flow rate of fuel can also be determined from the 0D model as the mass of the fuel is

related to the lambda value as well. This value shows how well the engine is taking the
fuel and converting it to usable power [12].

3.0 Results and Discussion
The volume for the desired engine was determined using the equation for mean
effective pressure, Equation 1. The mean effective pressure that was chosen was 140psi
as it coincided with mean effective pressures for turbocharged two-stroke diesel engines
at maximum power [12]. The Foundation for Applied Aviation Technology specified the
other inputs of 800hp and a 3600rpm takeoff engine speed. This results in a displaced
volume of 10.3004 liters. Using the takeoff engine speed and the maximum mean piston
speed, the maximum stroke length could be determined using the mean piston speed
Equation 2. This resulted in a stroke length of 125mm. Using the stroke length, the bore
length could be determined and its size depends on the number of cylinders desired. In
order to keep the bore diameter reasonably small, six cylinders were decided upon. This
results in a bore of 92.5mm.
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In order for a two-stroke diesel engine to be successful, it needs a crankshaft
offset to have effective scavenging. A crankshaft offset is the difference in CAD that the
pistons are operating at within the cylinder. This offset allows the intake and exhaust
ports to open at different crank angles allowing for the exhaust gases to escape before the
fresh air is inducted. Like the model that was used in the literature model and in many
other opposed piston engines, an offset of 13.5 degrees was chosen [7]. Because of this
offset, it meant that the length of the cylinder was shortened because one piston would
always be 13.5 degrees ahead of the other. In order to compensate for the loss of volume,
the bore was expanded from 92.5mm to 96.1mm. Additionally, once the port dimensions
were determined, it resulted in an even further reduction of trapped volume within the
cylinder. Since the maximum cylinder length was limited by the maximum stroke length
of 125mm, the available surface area on the cylinder was compared to the area needed for
the ports and then the bore was readjusted in order to meet the needed port area. This
resulted in the bore increasing from 96.1mm to 100mm. After the adjustments to the
bore, the trapped volume remained 10.3L in order to match the displaced volume
calculated using Equation 1. The total volume, however, increased to 12.3L since the
total volume includes the volume occupied by the ports. 12.3L is still 25% smaller than
the Junkers Jumo 207B. This also changed the stroke to bore ratio from 1.35 to 1.25.
In order to determine the size of the ports, the volumetric flow rate equation,
Equation 21, was used. The velocity of the cylinder gases was calculated using Equation
8 from for the compression portion of the cycle. The volumetric flow rate was
determined by using the 10.3L of trapped volume and dividing it by the cycle time. This
resulted in an intake port area of 30cm2 per cylinder. Because the exhaust port area is
roughly 30% larger than the intake, the exhaust port area was then 39cm2. This value
was still smaller than the Junkers values and left a lot of closed space around the cylinder.
Because of this, the total port area was increased to be more proportional to that of the
Junkers engine. This resulted in intake and exhaust port areas of 39cm2 and 45cm2. [4].
The extra area will only positively affect scavenging; as the greater the port area, the
better the air flow.
Once the general dimensions of the engine were determined, a model could be
chosen to determine more accurately what the actual output of the engine would be. In
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order to do this, the 0D model from the literature was constructed [7]. This model was
used to demonstrate the thermodynamic benefits of the opposed-piston, two-stroke
engine. However, one downside from this model was that the model does not include
friction. The result of this is that the indicated values calculated will be slightly inflated
compared to what they would be if friction was accounted for. Therefore, the literature’s
0D model was used to validate whether or not the mean effective pressure equation
accurately determined the size of the engine and the potential power output of the engine
itself. Because the original model that was used in the paper was unavailable, it needed
to be constructed for this thesis and validated. The engine that was run in the literature
was an opposed-piston, two-stroke diesel that obtained 300hp at 2400rpm. A chart of the
output values along with its running conditions can be seen in Figure 3.

Figure 3 - Geometry of Simulation Model [7]

Additionally, the geometry of the simulation model was copied and its values can
be seen in Figure 4.

P a g e | 14

Figure 4 - Dimensions of the simulation engine (adapted from [7])

Because the original model was unavailable and it needed to be reconstructed for
use in this thesis, care was taken in order to take into account each of the values from the
values in the literature. For the sake of simplicity, the model was built for a single
cylinder meaning that the target power output was 100hp instead of 300hp. A minor
difference that originated from the reconstruction was that the port openings occurred at
±126 CAD and not at ±120 like in the paper. In the reconstructed model, it was found
where the trapped volume was 1.6L, but this occurred at -126 degrees. After carefully
looking through the volume equations, it could not be determined why there was a
difference in the port openings compared to the paper. In order to build the model,
Microsoft Excel was used. Several tabs were utilized in order to properly account for
equations noted in section 2 of this paper. One tab was used for the calculations of the
governing equation and heat transfer, Equations 3 and 6, another was used for volume
calculations, Equation 17, a third was used for combustion, Equation 4, a fourth was used
to determine gamma, Equation 9, and a fifth was used for determining the specific heat
for each element in Equation 11. Figure 5 shows a screenshot of the overall program.
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Figure 5 - 0D Model Excel Overview

In the figure one can see how all of the values throughout the program relate to a single
crank angle. The reason why excel was used was due to the programs inherent structure
as each cell could be related to a specific CAD and determine the respective pressure
change. The results can be seen in Figure 8.
To verify that the model was accurate, several items were looked at. The first was
the volume per crank angle which can be seen in Figure 6.
0.00050

Volume [m^3]

0.00040
0.00030
Volume
0.00020

Vol Intake
Vol Exhaust

0.00010
0.00000
-50

0

50

Crank Angle
Figure 6 - Volume per Crank Angle

As expected, because the exhaust volume is offset 13.5 degrees, it reaches its
minimum volume at -13.5 degrees relative to top dead center and the intake volume
reaches its minimum at top dead center. Because of this, the clearance volume is present
not at top dead center like an engine without an offset but at -6.75 degrees.
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Along with the volume of the system, Equation 5 was also an important aspect of
the program that needed to be verified. This equation was an integral aspect of the
program as it relates the rate at which energy is released during the combustion cycle.
Not only is it included in the combustion equation, Equation 4, but also in Equation 15
which determines the mole fraction of each element in the cylinder. In the paper, it stated
that the start of combustion was adjusted so that at 0 CAD, 10% of the energy had been
released which means that the value of x b,i should be 0.1 at 0 CAD [7]. In Figure 7, one
can see the graph of Equation 5 and how at 0 degrees it has value of 0.1 at 0 CAD.
1.1
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Energy Release Fraction
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0.5
0.4
0.3
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-200
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150
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Figure 7 – Graph of Equation 5

The third value that needed to be verified against the simulation model before the
results could be calculated was the value of gamma throughout the cycle. Figure 8 shows
the values determined from the reconstructed 0D model with those of the literature [7]. It
demonstrates that the values calculated for this thesis matched the values from the
literature. The yellow line is the line of values determined using the model built for this
thesis. The green line is the line of the opposed-piston, two-stroke engine analyzed in the
literature.
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Figure 8 - Gamma vs Crank Angle (adapted from [7])

Once these graphs were validated, the program could be run to determine whether
or not the model functioned as expected. In order to do so, a graph of the pressure values
compared to the crank angle was generated and overlaid on a graph from the literature
itself [7]. The result was that the 0D model constructed for this thesis was accurate in all
areas except during the combustion portion of the cycle. The resulting graph can be seen
in Figure 9. The yellow line is results from the 0D model for this thesis. The green line
is the results of the opposed-piston, two-stroke from the literature [7].

Figure 9 - Pressure vs Volume Diagram (adapted from [7])

From this figure, one can see that the values calculated for this thesis were very
close, but lost some accuracy near the combustion portion of the cycle. The comparison
of the results in Figure 10, show that the power outputs were nearly identical with power
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output being 102.6hp per cylinder compared to the literature’s 100hp per cylinder.
Additionally, the maximum temperature was 1619K compared to the 1724K in the
literature. However, the maximum pressure was only 83bar compared to the literature’s
121bar [7]. Both models were run at a lambda value of 2.68 and the had ∆𝜃𝜃10−90 values

of 17.8 degrees [7]. Extensive time was spent in order to find solutions to the

discrepancies between the values in the literature and the values from the model used for
this literature; however, no solution was able to be found.
Reconstructed 0D Model
Fuel Mass
82.3
∆𝜽𝜽𝟏𝟏𝟏𝟏−𝟗𝟗𝟗𝟗 (𝐝𝐝𝐝𝐝𝐝𝐝)
17.8
Peak Pressure Bar 83.17
Peak Temp. [K]
1619
Trapped lambda
2.68
Power [hp] 307.67
MPRR
2.68
Figure 10 - Results of the Literature [7] Engine Simulation vs Literature Values

Because the total power output was nearly identical with the literature along with
the gamma values, volume, and Equation 5, it was deemed that the reconstructed 0D
model could be used to generate data for the desired engine. Once this decision was
made, the dimensions that were determined using the mean effective pressure equations
and mean piston speed equations were input into the 0D model. For the combustion
portion of the model, 17.8 degrees remained as the value for ∆𝜃𝜃10−90 in Equation 5 as
that was the value that was used in the literature in order to obtain a max pressure rise

rate of 5.1bar/degree [7]. For spark ignition engines, a pressure increase of 5.1bar/degree
is about the maximum allowable. The literature chose this value in order to compare the
2S diesel design with SI engines [7]. Diesel engines are able to withstand maximum
pressure rise rates of about 10bar/degree so having a fast burn rate is not detrimental to
the engine. Additionally, the start of combustion was adjusted to have released 10% of
the energy at zero CAD like in the literature [7]. The value for m c in Equation 5 was kept
at .7 as that was consistent with the paper and textbooks [12]. Lastly, the lambda value
was changed from 2.68 in the literature to 1.9. This was done in order to better reflect a
standard diesel’s lambda value of 1.43. 1.9 is still a very lean air fuel mixture, but not as
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lean as the value used in the literature [7]. The resulting tab and x b,i graph can be seen in
Figures 11 and 12.

Figure 11 - Combustion Tab from the 0D Model
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Figure 12 - Resulting x b,i Graph for Simulation Model

For the energy lost due to heat transfer, Equation 6, the temperatures were kept
consistent with the paper as well. This was done due to the values being consistent with
other sources and because the size of the cylinders were similar [14]. For Equation 7, the
m ht value was chosen to be .8 as in order to match the given value from Heywood [12].
In Equation 8, the reference temperature, volume and pressure were chosen to be the at
the time the valves closed. These values were then 350K, 1.72L and 1.75bar. A
screenshot of the tab used for heat transfer calculations with these constants can be seen
in Figure 13.
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Figure 13 - Heat Transfer Tab for 0D Model

For Equation 15, the x no and x bo values were determined from the simple
combustion equation assuming no dissociation and frozen cylinder contents. The
constituents in the equation were diesel fuel, nitrogen and oxygen and they combust to
form water and carbon dioxide. Because the engines run lean, there was excess nitrogen
and oxygen on the results side of the combustion equation. In order to account for this,
the gamma tab of the model was constructed so that if the lambda value changed, the
values of the pre- and post-combustion mole fractions changed accordingly.
For the volume tab, little was changed. For the volume tab, the new dimensions
simply needed to be input. For the inputs in Equation 17, the compression ratio was
deemed to be 18 as that is a relatively standard compression ratio for diesel engines and it
was successfully used in the Junkers Jumo engine [4,12]. The value of R was kept at 3.5
as that is a standard value for medium to large sized engines [12]. The volume tab can be
seen in Figure 14. The graph of the volumes can be seen in Figure 15.

Figure 14 - Volume Tab for 0D Model
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Figure 15 - Volumes for 0D Model

For the coefficients tab, the chart of the specific heat coefficients that was
provided in the literature is included on the left-hand side of the spreadsheet [12].
Equation 11 was the only equation on the tab which was used in Figure 16.

Figure 16 - Specific Heats Tab

By taking the lambda value of 1.9 from the 0D model and using Equation 22, the
mass flow rate of air could be determined, and this resulted in a mass flow rate of
143lb/min. Because turbochargers work within a specified range of pressure ratios
relative to mass flow rate, one needs to ensure that during the entire operating cycle it is
operating within its map. The pressure ratio is defined as the ratio of the air pressure
entering the cylinder to the air pressure entering the turbocharger [12, 13]. Since
turbochargers are engineered devices of their own merit, one was simply picked off the
shelf to be used in conjunction with this engine. The turbocharger chosen was the Garrett
GTX5533R II with a 98mm inducer, Figure 17.
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Figure 17- Garrett GTX5533R II (adapted from [15])

Along with the changes that were calculated due to the ports, the starting pressure
was adjusted in order to account for the attachment of a turbocharger. In order to use the
Garrett turbocharger, the minimum pressure ratio has to be 1.75 in order to operate at the
desired mass flow rate. If the pressure ratio drops below this value, the turbocharger falls
out of its map and chokes [13]. At low pressure ratios like takeoff, the turbo will work in
its lowest efficiency but as the engine would climb in altitude, the pressure ratio will
increase due to the reduction in atmospheric pressure and the efficiency will climb into its
maximum range. This results in the initial pressure at sea level needing to be at least
1.75bar [15].
Once this was accounted for, the 0D model was run in order to determine the
power output of the engine. Assuming a pressure ratio of 1.75 and an in-cylinder
pressure of 1.75bar, the engine will generate 204.01hp per cylinder and 1224.08hp for all
six cylinders. The maximum pressure rise rate is 3.94bar/CAD and the mean effective
pressure was 214.22psi. These results can be seen in Figure 18. The nominal value
according the Heywood text is that a diesel engine should have a mean effective pressure
of 140psi at maximum rated power. However, mean effective pressures over 200psi are
not uncommon for turbocharged, aftercooled diesel engines [12]. While this value is
higher than what was expected, it is not abnormal compared to other boosted engines.
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Additionally, the mean effective pressure returns to expected values when calculated with
the assumed level flying characteristics. The FAAT specified that the aircraft should
reduce its engine speed to 1800rpm during cruising. Because of this the engine will
generate a different mean effective pressure since it is no longer operating at maximum
power and maximum engine speed. Therefore, it is expected that the mean effective
pressure will drop to 208.83psi during level flight at altitude. This value fits more closely
to what is presented in the textbook by Heywood [12].
Results from 0D Model for FAAT Engine
Fuel Mass (mg/cycle/cyl)
∆𝜽𝜽𝟏𝟏𝟏𝟏−𝟗𝟗𝟗𝟗 (𝐝𝐝𝐝𝐝𝐝𝐝)
Max Pressure [bar]
Max Temperature [K]
Trapped Lambda
Power [hp]
MPRR
MEP
Cylinder Pressure [bar]

108.90
17.80
98.48
1960.32
1.90
1224.08
3.94
214.22
1.75

Figure 18 - Results for the Sized Engine

After the turbocharger was sized, a weight estimate could be made. The Junkers
Jumo 207B had a density of 1.88lb/in3 and a total weight of 1907lb [OPE]. According to
Taylor’s textbook, the average two-stroke diesel engine has a density of 2.75lb/in3.
Using these two densities as aircraft optimized and unoptimized values, the engine sized
in this thesis should fall within the weight range of 1413-2064lb. What this means is that
even if the engine is unoptimized it would still weigh nearly as little as the Junkers engine
while producing potentially 224 additional horsepower. If it is assumed that the engine
could be optimized to match the Junkers density it would mean that this engine would
weigh nearly 500lb less than the Junkers.
Along with the weight estimation, an indicated fuel consumption could be
calculated using Equation 25. This value is especially important for aircraft engines as it
helps show how well the engine is using its fuel. It was determined that the indicated
specific fuel consumption is 155g/kWh. This value is an indicated value because it does
not factor in losses incurred due to devices attached to the engine itself like the propeller,
friction, or other engine add-ons. This means that the actual or brake specific fuel
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consumption will be higher than the indicated value. However, because the Junkers
brake specific fuel consumption was 227 g/kWh at its most efficient operating
parameters, it is reasonable to assume that the engine sized in this thesis will have a
comparable or better brake specific fuel consumption than that of the Junkers [4].
Because of the values calculated, it can reasonably be assumed that the engine
sized in this thesis will be able to outperform the Junkers engine and satisfy the utility
aircraft requirements set by the FAAT. Along with the power output, the engine has a
total volume of 12.3L which is four liters or 25% smaller less than the size of the Junkers
engine. This means that this engine should also be significantly lighter than its Junkers
predecessor. Therefore, the engine outlined in this thesis when built should meet the
requirements of the FAAT.

IV. Design Model
Once the results of the simulation model were calculated, the design model could
be constructed. The purpose of the design model was to outline the functionality of the
engine itself. Because of this, it was limited to being a single cylinder instead of the
complete six. By limiting the model to a single cylinder, one can more easily see the
inner workings of the engine and how it would function. A complete picture of the
model can be seen in Figure 19. The model was made up of several components: the
Garrett GTX5533R GEN II turbocharger, the propeller and gear train assembly, the
engine block, the piston-crankshaft assembly and the cylinder sleeve.
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Figure 19 - Full constructed single cylinder design model

Because the turbocharger is its own engineered component, it was not designed
as a part of this thesis. In order to help facilitate scavenging and maintain power output
at altitude, a turbocharger is recommended. In the field of aviation, there are two types.
The first is the turbonormalized turbocharger which simply boosts the engine back to its
sea level power as the aircraft climbs in altitude. The second is a turbobooster which
increases the intake pressure so that the power output is increased at all altitudes [16].
Because turbonormalizers are constructed for specific aircraft, specifications for these
devices were unable to be found. Because of this, a turbobooster was selected from the
known manufacturer Garrett as it advertised the compressor map and other specifications
needed for operation with each model. Along with the mass flow rate that was calculated
in section 3 of this paper, the recommended horsepower and displacement of each
turbocharger was looked at to verify the selection. Through this process, the Garrett
GTX5533R GEN II was chosen for the purposes of this thesis. The compressor map of
the turbocharger can be seen in Figure 17 from section 3 and the dimension drawing can
be seen in Figure 20. For the design model, the turbocharger was reconstructed to show
its overall dimensions relative to those of the cylinder. Because of this, the outer
dimension from the drawing were focused on.
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Figure 20 - Garrett GTX5533R GEN II Turbocharger (adapted from [15])

The propeller used in the design model was constructed to simply show the
connection between the crankshafts and the propeller shaft. The model of the Propeller
can be seen in Figure 21.

Because the engine design has two crankshafts, the propeller

could not be hooked up to either directly without losing the power from the other
crankshaft. With this in mind, the propeller needed to be situated towards the center of
the engine. Slightly above the center was chosen for two reasons. The first was to
replicate the structure of Junkers engine. The Junkers had the propeller situated closer to
top crankshaft, and the bottom crankshaft would run the blower and other engine add-ons
which meant that the power distribution from the crankshafts was about equal.
Additionally, it was organized in this fashion to demonstrate the idea from the FAAT that
instead of using a full gear train, a belt could be used in order to further reduce weight.
The gear train was constructed with two purposes. The first was to demonstrate how and
where the propeller would be connected relative to the crankshafts and the second was to
demonstrate the reduction that the FAAT suggested. Because the engine speed of
3600rpm is too high for a propeller to operate at, the FAAT suggested a gear reduction of
2:1 which was similar to reductions used in the Junkers family of engines [4]. Therefore,
to reflect this reduction, the pinion is half the size of the gear that connects to the belt and
propeller. Additionally, helical gears were chosen for their better power transfer. The
gear and belt assembly can be seen in Figure 22.
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Figure 21 - Propeller Model

Figure 22 - Gear and Belt Train with a 2:1 reduction

The engine block was created to show the total height of the engine along with
dimensions that would be necessary for each cylinder along with locations for the cuts for
the ports and fuel injectors. The locations for the cuts for the ports and fuel injectors
were chosen so that they line up with the raised rib on the cylinder sleeve on which the
ports are cut. The port cuts were dimensioned as to allow a gap of 12mm around the
entire cylinder sleeve. This allows the air to enter the cylinder from all sides instead of
only at the opening which should assist with better scavenging. The extrusions on the
right side of the cylinder where the locations where the gears were mounted. The outline
of the center portion of the engine block with the locations of its features can be seen in
Figure 23. The top and bottom were simply constructed as to not create interference with
the rotating crankshaft. An image of the fully constructed cylinder block can be seen in
Figure 24.
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Figure 23 - Outline of the center portion of the Engine Block (dimensions are in mm)

Figure 24 - Side View of Full Engine Block

The piston-crankshaft assembly was made up of three parts. The two crankshafts,
the two pistons and the two connecting rods. The crankshafts were sized using the stroke
length. Because the crank throw is one-half the stroke length, it was 62.5mm. The
design of the crankshaft was outlined so that it reflected a standard crankshaft with a
counterweight. Using the SolidWorks center of mass tool, the size of the counterweight
was adjusted so that the center of mass of the crankshaft was at the center of the rod
about which the crankshaft rotates. This can be seen in Figure 25. The connecting rods
were constrained by the ratio of the connecting rod to the crank throw which was
previously defined to be 3.5. Therefore, the length of the connecting rod was 218.76mm
long. The connecting rod was built in two pieces in order to represent how it would be
assembled in the engine. The smaller hole is in one piece as the piston pin, which
connects the piston to the connecting rod, simply slides though it. The larger hole is cut
into two pieces as it is assembled by bolting the two pieces together around the
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crankshaft. The connecting rod can be seen in Figure 26. The piston was constructed to
represent a standard piston geometry. Its diameter was 99mm so that there was a 1mm
gap between the piston and cylinder walls. This gap would be filled with the piston rings
whose notches were cut closer to the top of the piston. The purpose of the piston rings
are to minimize the contact that exists between the moving piston with the cylinder liner.
This minimizes friction and wear. Additionally, the piston rings have the function of
preventing combustion gases from escaping around the piston thereby maximizing the
pressure that is exerted against the piston. The piston can be seen in Figure 27. It was
painted red in order assist with its visibility within the entire assembly. The full assembly
can be seen in Figure 28. The cylinder sleeve was included to allow the offset to be
visible. The crankshafts in this model are offset by 13.5 degrees which allow the exhaust
to open before the intake. This can be seen because the piston on the right has nearly
reached the fuel injector while the left piston has not passed the ribbing.

Figure 25 - Crankshaft with the location of the center of mass

Figure 26 - Connecting Rod
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Figure 27 – Piston

Figure 28 - Full Piston Crankshaft Assembly

The cylinder sleeve is the final component of the assembly and can be seen in
Figure 29. It is made up of four features. The first are the notches cut on the ends of the
sleeve. These serve the purpose of allowing the connecting rod to rotate about the
crankshaft without coming into contact with the cylinder sleeve itself. The next
component were the intake and exhaust ports. Although the total area of the intake and
exhaust ports were calculated in section three, the length of the ports were determined by
the 0D model and at which crank angles the trapped volume was 1.72L. Because of this,
the ports needed to open and close at ±130 degrees. This resulted in the exhaust port
beginning at 112.41mm away from the center of the sleeve. The length of the port was
19mm and it had a width of 10mm. In order to easily distinguish the intake and exhaust
ports from each other, the exhaust ports were made rectangular while the intake ports
were made to be a series of small holes. This was also consistent with the Junkers
engine. The intake ports with the limit of beginning and ending at ±130 CAD began at
112.69mm from the center of the sleeve and end at 131.49mm from the center of the
sleeve. The slight difference in distances is a result of the difference port geometries.
The third component of the cylinder sleeve was the fuel injectors. It is assumed that the
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fuel injector will be inserted into the sleeve via a tapped hole. For this purpose, a
standard M12x1.25 hole was tapped into the model to demonstrate where these injectors
would be placed. The final component was the series of ribs around the cylinder.
Because of the nature of combustion, the lower the temperatures can be kept during and
after combustion the greater the work that can be extracted as lower temperatures allow
the gamma value to remain higher. In order to help reduce the internal temperatures, ribs
were created around the sleeve in order to help facilitate the heat transfer out of the
cylinder.

Figure 29 - Top View of the Cylinder Sleeve

V. Conclusions and Recommendations
The 0D model demonstrates that an opposed-piston, two-stroke diesel engine
could be constructed to meet the requirements of the Foundation for Applied Aviation
Technology and that further research should be conducted in order to more fully develop
a model for this engine. Opposed-piston, opposed-two-stroke diesel engines provide a
number of benefits that allow the engine to be lighter, more fuel efficient, and less
complicated. The Junkers Jumo family of engines set a number of records, and for a
significant period of time, was one of the most advanced engines of its time [4]. It was
very lightweight for an opposed-piston, two-stroke engine in the sense that it is almost a
pound lighter per cubic inch than the 2.75lb/in3 estimate provided by Taylor [13]. It also
obtained 1000hp while at the same time having a lean brake specific fuel consumption of
227g/kWh [4]. Along with the benefits that are illustrated by the Junkers’ success,
literature demonstrates that the opposed-piston, two-stroke architecture exhibits an
inherent 9% fuel economy benefit over the standard 4S design and the opposed-piston,
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four-stroke design. This results from the inherent lean combustion of the two-stroke,
diesel design [7].
The initial dimensions for this engine were gathered using standard mean
effective pressure values and guidelines for the mean piston speed. By reconstructing the
0D model that was in the literature, the dimensions for the engine sought by the FAAT
could be verified by relating the change in pressure throughout the cycle with the energy
released by combustion and the energy lost due to heat transfer and the cylinder contents
changing [7]. After validating this model against an engine from the literature, the model
could be used to show whether or not Equations 1 and 2 accurately predicted the
dimensions and output of the engine desired by the FAAT. Further calculations,
determined the dimensions of the intake and exhaust ports along with the mass flow rate
required for the turbocharger. Once these values were determined the 0D model could
then be used to verify power output of the modeled engine. While the 0D model does not
factor in friction losses, it still demonstrates that a power output significantly higher than
the requirements of the foundation is possible. The model showed an output of 1224hp
and a specific fuel consumption of 155g/kWh. Both of these values are substantially
better than the Junkers 207B engine. Additionally, due to the size reduction, a potential
weight reduction of up to 500lb is possible assuming that the engine can be optimized for
aviation. Once the model was run and results calculated, a design model was created in
order to show how each of the components work together.
Moving forward, a couple of things are recommended. The first would be to revalidate the excel sheet in order to see if it is possible to fix the deviation of pressure
values around the combustion zone compared to the literature simulation. Additionally,
the 0D model should be expanded to include friction. This will allow a more accurate
indicated power to be determined. A finite element analysis should be conducted in order
to see how small the full engine can be made as this would result in the maximum weight
savings. Lastly, it is recommended that the use of the turbocharger and port flow be
researched and a model generated to determine that the air is flowing properly into and
out of the cylinder. A potential solution that should be researched is the combination of a
turbocharger with a scavenging pump in order to facilitate air flow through the cylinder.
It is possible that the turbocharger may by itself not be sufficient. If these
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recommendations are followed it is quite possible that the Foundation for Applied
Aviation Technology will be able to construct an engine that meets their needs.
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